The electric dipole, quadrupole, octopole and hexadecapole moment of carbon monoxide has been obtained from finite-field SCF and Moeller-Plesset perturbation theory calculations. The resulting values for the octopole and hexadecapole moments of CO(X 1 r + ) are 3.59 eal and -9.01 ea.Q, respectively.
Introduction
Electric moments are relevant for many phenomena caused by intermolecular interactions [1] [2] [3] [4] . Recent work [5] [6] [7] [8] [9] [10] [11] [12] [13] has provided evidence that models relying on the knowledge of the electric moments of the monomers can be used to predict molecular structures and properties of weakly bonded van der Waals systems. Not all electric moments are easily amenable to experiment [2] . Experimental determinations of electric moments beyond the quadrupole are extremely rare. Theory can contribute to the field by predicting these properties.
The electric moments of carbon monoxide have been the object of numerous experimental or theoretical studies [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , Of particular interest to theory is the determination of Hartree-Fock values for the dipole (p), quadrupole (0), octopole (ß) and hexadecapole (<P) moments from fully numerical calculations (NHF) by Laaksonen, Pyykkö and Sundholm [22] . This makes possible the construction of Gaussiantype basis sets of near Hartree-Fock quality and the subsequent prediction of accurate electric moments via theoretical methods that take into account electron correlation. In this work we report self-consistent field (SCF) and finite-field Moeller-Plesset perturbation theory (MP) calculations of p, 0, (2, and <P. The higher moments are extracted from the energies of the molecule perturbed by strategically placed electric point charges. This approach has been followed successfully in previous work on N 2 [28] , F 2 [29] , HCl [30] and HCCH [31] . Previous correlated values of (2 and Reprint requests to Prof. George Maroulis, Department of Chemistry, University of Patras, GR-26110 Patras, Greece.
<2> for carbon monoxide have been obtained as expectation values of the relevant operators using SD-CI (single and double excitations configuration interaction) wavefunctions. Our approach to the subject has distinct advantages over the SD-CI method [21] .
Atomic units are used throughout this work. The conversion factors from atomic to SI units are: 
Theory
The energy of an uncharged molecule in a weak electric field can be written as [1, 32] 
-(1/105) <P aßyd +... [1] , Therefore we shall simply write p, 0, Q and for the respective properties. The dipole moment is independent of the choice of the origin but the higher moments are not [1] .
The electric moments are extracted from (1) by using suitable electric fields. Using a homogeneous electric field, all field-gradient terms are eliminated from (1) and the dipole moment is easily obtained. We give here a description of the calculation of 0, Ü, and <£. We simulate a weak quadrupolar field by placing an array of four charges -32 Q, Q, Q, -32 Q at (2 R, n), (R, n), (R, 0), and (R, 0) on the molecular axis. Using very distant charges we ensure that higher terms make a negligible contribution to the perturbed energy E qd (Q, R), so that
Placing an array of 40, -Q,Q, -4Q at the same positions as above we simulate a very weak octopolar field, so that
Last, a very weak hexadecapolar field is obtained by placing charges of -8 Q, Q, Q, -8 Q at the same positions as above. The perturbed energy E hx (Q, R) can be written in this case as
and the hexadecapole moment is calculated as
Both SCF and MP values of p, 0, Q, and <i > are calculated from £ qd , E oc , and E hx . Electron correlation corrections are obtained from the fourth-order MP approximation to the perturbed molecuclar energy. The use of many-body perturbation theory techniques in molecular property calculations has been presented in many comprehensive reviews [33] [34] [35] [36] .
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The fourth-order approximation to the energy is written as MP4 = SCF + D2 + D3 + S4 + D4 + T4 + Q4 + R4, (8) where the fourth order terms are contributions from single, double, triple and quadruple substitutions from the zeroth order wave function and R the renormalization term. Lower order approximations are defined as
SDQ-MP4= DQ-MP4 + S4.
By virtue of (8)- (12) we adopt analogous expressions for the molecular properties.
Computational Details
All calculations were carried out with a large gaussian-type basis set (Ils7p4d2f) contracted to e~laö*E h . The SDQ-MP4 approximation to MP4 was adopted in this work. Inclusion of the T4 term would increase dramatically the cost of calculations. The quality of the predictions based on the SDQ-MP4 approximation has been tested in previous work [28, 29, 37] , All calculations were performed with Gaussian 86 [38] . Correlated results: Electron correlation corrections to the electric moments of CO were calculated at the SDQ-MP4 level and are given in Table 2 . The behaviour of the MP series for p and 0 displays quite different patterns from those present in the case of Q or <P. The D2 correction for p is quite large, more important in size than the SCF value and of opposite sign. Consequently, MP2, MP3, DQ-MP4, and SDQ-MP4 are positive. Electron correlation changes only slightly the SCF 0 result. Convergence is rather slow for this property, as D2, D3, and S4 + D4 + QR4 are roughly of the same size at 0.03, 0.05, and -0.04 eal • Convergence is quite good for either Q or 0. Electron correlation reduces the magnitude of both properties. The SDQ-MP4 values are 3.59 eal and -9.01^00, 19 and 15% lower (in absolute terms) than the respective SCF ones.
Results and Discussion
Comparison to other predictions and experiment. Theoretical predictions and experimental data for the electric moments of CO are presented in Table 3 . It is easily seen that the SCF values are close enough to the respective NHF limits for all fairly large basis sets.
Electron correlation changes the sign of the dipole moment. Correlated methods invariably predict the correct sign but fail to produce a close agreement with the experimental value of 0.04881 ea 0 [16] , A SD-CI calculation by Amos [19] gave 0.1370 ea 0 . The MBPT(4) (complete fourth-order many-body perturbation theory) result of Diercksen and Sadlej [21] is still far from the experimental one at 0.1024 ea 0 . The same authors have also reported a SD-CI value of 0.0435 ea 0 , calculated with the same basis set as the above, quite close to the experimental one. Feller, Boyle, and Davidson [24] reported SD-CI and MRSD-CI (multireference SD-CI) values of 0.0205 and 0.0400 ea 0 , respectively. An approximate coupledcluster doubles (ACCD) calculation by Dykstra, Liu, and Malik [25] gave 0.0357 ea 0 . The most accurate theoretical prediction is presumably the 0.0492 ea 0 reported by Scuseria et al. [27] who used a large [10s9p4d2flg] basis set and the CCSD(T) (coupledcluster single, double and connected triple excitations). Our SDQ-MP4 value of 0.0580 ea 0 is 0.01 ea 0 above the experimental value. We predict a total correlation correction of 0.1647 ea 0 , to be compared with the 0.1536 ea 0 of Scuseria et al. [27] .
The theoretical methods fare better in the prediction of the quadrupole moment. Theory predicts the value of 0 in the region of-1.45 to -1.52 eal. The present claculation gave -lAKeal. This is quite close to a value of -1.502 eal obtained by Maroulis [23] . 1 Stark effect measurements [16] . m Microwave asymmetric Zeeman shifts [14] . " Far IR rotational spectra [15] . ° Molecular beam electric resonance Stark-Zeeman spectra [17] . p Ion molecule scattering cross sections [18] .
and Thakkar [26] via the CCD + ST (CCD), coupledcluster doubles corrected by fourth-order contributions from single and triple excitations computed with CCD amplitudes. Comparison with experiment would necessitate averaging over the ground vibrational and rotational state. This correction has been estimated at 0.08 ea\ in previous work [26] and brings the theoretical predictions quite close to the experimental results.
To our knowledge, no experimental estimates of the octopole and hexadecapole are available. The SD-CI values of Q are 3.7710 ea 3 0 [19] and 3.903 ea\ [21] . The ACCD [25] result of 3.8196 ea\ is 6.4% higher than our SDQ-MP4 one of 3.59 eaQ. We use a more flexible basis set than the ELP one used in the ACCD calculation, but both sets lead to almost identical SCF values. We estimate the octopole moment of carbon monoxide at 3.6 + 0.2eao-Our value for the hexadecapole moment is -9.01 eaQ, smaller than both the SD-CI ones of -9.4185 ea% [19] and -9.848 ea% [21] . We expect our value to be more accurate and we estimate the hexadecapole moment of carbon monoxide at -9.0 + 0.5 ea%.
Conclusions
We have reported SDQ-MP4 values for the electric dipole, quadrupole, octopole and hexadecapole moments of ground state carbon monoxide. Our values for Q and <P should be the most accurate currently available. Our estimates for these properties are Q = 3.6±0.2 ea 3 and 4>= -9.0 + 0.5 ea%.
